Myelodysplastic syndromes (MDS) and acute myeloid leukemia (AML) are usually sporadic diseases, however, rare familial cases have helped to identify human disease genes and provide crucial insight into hematopoiesis. Multiple predisposition genes have been identified, including *RUNX1*, *CEBPA*, *GATA2*, *ETV6* and *DDX41* ([@R1]). These syndromes are characterized by autosomal dominant inheritance and heterozygous germline mutations. Latency periods preceding the onset of MDS or other hematologic malignancies are widely variable, and appearance of the malignant phenotype is thought to require additional somatic mutations. In addition to improving diagnosis and treatment of hematologic malignancies, identification of disease-predisposing mutations has broadened our understanding of the role of these genes in normal hematopoiesis. Nevertheless, a large portion of familial MDS/AML cases remain unexplained. One potentially distinct form is MDS/AML with erythroid hyperplasia (OMIM 133180). Patients typically present in the erythroleukemic phase with multilineage dysplasia and complex cytogenetics; the prognosis is poor, with an overall survival of 3--9 months ([@R2]). There are at least five families reported in the literature, all with an autosomal dominant mode of inheritance and an unexplained genetic basis. We investigated one of these families, first reported in 1982 and again in 1987 ([@R3],[@R4]).

The proband was diagnosed with evolving erythroleukemia following a bone marrow biopsy that revealed a hypercellular marrow with multilineage dysplasia, marked erythroid hyperplasia, excess blasts and complex cytogenetics ([Figure S1A](#SD6){ref-type="supplementary-material"}). An updated pedigree was established ([Figure 1A](#F1){ref-type="fig"}), exhibiting an inheritance pattern consistent with autosomal dominance with a variable latency period (range 27--73 years, median 54). Family members and published reports confirmed that all affected individuals in this family were diagnosed with erythroleukemia or erythroid MDS. Further, multiple affected family members displayed normal hematopoiesis during evaluations prior to disease onset, indicating that overt hematologic abnormalities were absent during the latency period ([Table S1](#SD12){ref-type="supplementary-material"}). An initial screen of 12 known predisposition genes failed to detect a pathogenic variant in the proband ([@R5]). This, along with the consistent erythroid phenotype suggested that the germline variant predisposing to disease in this family was distinct from those currently known.

Whole exome sequencing of the proband identified a potential pathologic c.4009G\>A;p.A1337T variant in the erb-b2 receptor tyrosine kinase 3 (*ERBB3*) gene. This variant is not found in the Exome Variant Server (NHLBI Exome Sequencing Project \[EVS\] ([@R6])) or the Catalogue Of Somatic Mutations In Cancer (COSMIC) ([@R7]). The Exome Aggregation Consortium (ExAC) identifies the p.A1337T variant in 7/119,654 alleles, indicating it is rare ([@R8]). Further analysis revealed the presence of the variant another affected individual (II-03) and in a female who died at the age of 47 of metastatic breast cancer with bone marrow infiltration (IV-03). She inherited the variant from affected individual III-12. One currently unaffected family member, age 62, is heterozygous for the p.A1337T variant (III-14). In total, our analysis confirmed the presence of the ERBB3 p.A1337T variant in two affected individuals and identified two affected individuals as obligate carriers, as well as one asymptomatic carrier. In addition, it confirmed the absence of the variant in eight unaffected individuals ([Figure 1A](#F1){ref-type="fig"}, [Table S1](#SD12){ref-type="supplementary-material"}). This indicates that the *ERBB3* variant co-segregates with disease in this large multigenerational pedigree family, with one individual who is non-penetrant at this time.

The *ERBB3* gene is a member of the epidermal growth factor receptor (*EGFR*) tyrosine kinase family that also includes *ERBB2/HER2*, and is frequently somatically mutated in several types of solid tumor malignancies ([@R9]). Ligand binding produces a conformational change that results in homo- or heterodimerization with other members of the ERBB family, most commonly ERBB2 ([@R10]). The C-terminal tyrosine-rich tail is responsible for recruitment and activation of downstream binding partners ([@R11]). The ERBB3 p.A1337T variant is located at the far C-terminal end of the protein and is conserved across most vertebrate species ([Figure 1B](#F1){ref-type="fig"}, [S1B](#SD6){ref-type="supplementary-material"}). The closest known phosphorylation site is at Tyr1328, and the sequence surrounding this tyrosine is conserved ([Figure S1C](#SD6){ref-type="supplementary-material"}). Because multiple ERBB3 mutations were found to cause increased proliferation and activation of ERBB3 in the mouse pro-B cell line BaF3 ([@R9]), we hypothesized that the p.A1337T variant may cause a similar phenotype.

BaF3 stable transfectants overexpressing ERBB3 p.A1337T (Mut) and wild-type (WT) ERBB3 were generated ([Figure S2A](#SD7){ref-type="supplementary-material"}), together with tranfectants co-expressing WT ERBB2 ([Figure S2B](#SD7){ref-type="supplementary-material"}). When cells lacking ERBB2 expression were cultured in the presence of interleukin (IL)-3 and Neuregulin (NRG)-1β ligand, cell proliferation was similar ([Figure S2C](#SD7){ref-type="supplementary-material"}). However, both ERBB2+WT ERBB3 and ERBB2+Mut ERBB3 cells displayed IL-3 independent proliferation when cultured with NRG-1β alone. Interestingly, a small but consistent 20% increase in proliferation was observed in Mut ERBB3 cells compared to WT ERBB3 cells when cultured with IL-3 ([Figure 2A](#F2){ref-type="fig"}).

We then sought to investigate the ERBB3 p.A1337T variant in cells more relevant to the disease phenotype by using the human hematopoietic progenitor cell line TF-1 (derived from an individual with erythroleukemia). Cell lines analogous to those described in BaF3 cells were generated and cultured in the presence of GM-CSF or EPO, as well as NRG-1β ([Figure S3A, B](#SD8){ref-type="supplementary-material"}). Again, TF-1 cells lacking ERBB2 expression behaved similar in all culture conditions ([Figure S3C](#SD8){ref-type="supplementary-material"}). Further, in the absence of NRG-1β, cells expressing ERBB2 alone or in combination with ERBB3 displayed similar proliferation ([Figure 2B](#F2){ref-type="fig"}). However, when cultured with NRG-1β, ERBB2+WT ERBB3 and ERBB2+Mut ERBB3 cells displayed GM-CSF independent growth, and ERBB2+Mut ERBB3 cells produced a non-statistically significant growth advantage over ERBB2+WT ERBB3 cells ([Figure 2B](#F2){ref-type="fig"}, [S4B](#SD9){ref-type="supplementary-material"}). This growth advantage was also observed in the presence of GM-CSF and was dependent on the dose of NRG-1β ([Figure S4A](#SD9){ref-type="supplementary-material"}). When cultured in EPO and NRG-1β, ERBB2+Mut ERBB3 cells displayed a two-fold growth advantage over ERBB2+WT ERBB3 cells ([Figure 2B](#F2){ref-type="fig"}). These data indicate that the ERBB3 p.A1337T variant confers a proliferation advantage over WT ERBB3 in the presence of EPO that appears dependent on ligand binding and heterodimerization.

Cell cycle analysis revealed that in the absence of NRG-1β, all three TF-1 cell types (ERBB2 alone, ERBB2+WT ERBB3, ERBB2+Mut ERBB3) displayed similar fractions of cells in G1, S and G2/M phases ([Figure S5A](#SD10){ref-type="supplementary-material"}). However, when stimulated by NRG-1β, ERBB2+Mut ERBB3 cells displayed a decrease in the G1 phase and an increase the in S and G2/M phases compared to ERBB2+WT ERBB3 cells ([Figure S5B](#SD10){ref-type="supplementary-material"}). This suggests that the ERBB3 p.A1337T variant overcomes a G1 phase cell cycle block that results in increased proliferation.

Because of the consistent erythroid phenotype in this family, we hypothesized that Mut ERBB3 TF-1 cells may also possess an erythroid differentiation defect. After culture in EPO for 48-hours, TF-1 cells lacking ERBB2 expression displayed increased expression of the red cell marker Glycophorin A (CD235), while the addition of NRG-1β had minimal effect ([Figure S6A](#SD11){ref-type="supplementary-material"}). Similarly, ERBB2 and ERBB2+WT or Mut ERBB3 also displayed increased CD235 expression when cultured in EPO ([Figure 2C](#F2){ref-type="fig"}). The addition of NRG-1β had no effect on ERBB2 expressing cells, while ERBB2+WT ERBB3 cells displayed partial loss of CD235 expression. However, ERBB2+Mut ERBB3 cells showed near complete loss of CD235 expression, close to the level seen when cultured in GM-CSF, indicating a block in erythroid differentiation ([Figure 2C](#F2){ref-type="fig"}). This defect was associated with augmented ERBB3 signaling, evidenced by increased expression of phosphorylated ERBB3 (pERBB3), pERBB2, and pAKT in ERBB2+Mut ERBB3 compared to ERBB2+WT ERBB3 cells in the presence of EPO ([Figure 2D](#F2){ref-type="fig"}).

The known genes that predispose to hematologic malignancies are frequently somatically mutated in acquired disease. Somatic mutations in the coding region of ERBB3 have been reported rare cases of acute lymphoblastic leukemia, mixed Langerhans cell histiocytosis, multiple myeloma, and diffuse large B cell lymphoma ([@R7]). Currently, there is one case of AML reported to have a variant of unknown origin in the C-terminus of ERBB3 ([Table S4](#SD4){ref-type="supplementary-material"}). Further, hematopoietic expression of ERBB3 appears to be highest in bone marrow common myeloid and megakaryocyte-erythrocyte progenitors ([Figure S4B](#SD9){ref-type="supplementary-material"}) ([@R12]), and analysis of The Cancer Genome Atlas data reveals increased expression of *ERBB3* in 4% of AML samples ([@R13]).

In summary, we have identified ERBB3 as a candidate gene for predisposition to erythroid MDS/AML. Due to the limited number of available samples in this study, a definitive causal relationship will require identification of additional families. It is of interest to note that the avian erythroblastosis virus (which contained *ERBB1*) was unable to transform non-erythroid hematopoietic cells, and the C-terminal tail was found to be critical for its erythroblast transforming property ([@R14],[@R15]). Consistent with this, the mutation found in this study is located in the far C-terminal end of ERBB3, while the most frequent somatic mutations found in non-hematologic malignancies lie in the N-terminus ([Figure 1B](#F1){ref-type="fig"}). It is possible that N-terminal mutations produce ligand independent activation with more oncogenic potential, while C-terminal mutations only produce a phenotype under the certain conditions (similar to our TF-1 cell model). In addition, while multiple members of this family were diagnosed with other malignancies prior to the onset of MDS or AML ([Table S1](#SD12){ref-type="supplementary-material"}), it was not possible to draw any conclusions regarding the influence of this germline *ERBB3* variant on solid tumor malignancy risk. However, the prevalence of the p.A1337T variant in the ExAC database could explained by an increased risk of non-hematologic malignancies, as well as incomplete penetrance.
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![Identification of the germline ERBB3 variant\
(A) Family pedigree: filled circles/boxes denote affected family members, slashes denote deceased individuals. A single asterisk (\*) marks genotyped individuals with homozygous wildtype ERBB3; while (\*\*) marks genotyped individuals heterozygous for ERBB3 p.A1337T. Representative chromatograms for those with the variant are shown below. Diamonds denote multiple individuals of both sexes, with the number of offspring given. Current age or age of death is noted for all affected as well as unaffected individuals involved in this study. A black arrow denotes the proband. Whole exome sequencing was performed on individuals III-01, III-02, III-03, III-07, III-08, III-09, III-15. (B) Schematic diagram of the ERBB3 protein demonstrating the four extracellular domains (I-IV), the transmembrane domain (TM), and the tyrosine kinase domain. The C-terminus is responsible for transactivation and effector protein binding, leading to signaling. The A1337T variant (red) is located at the far C-terminal end of the protein. Other frequent somatic mutations are noted in black.](nihms793140f1){#F1}

![Functional analysis of ERBB3 p.A1337T\
(A) Cell proliferation measured by WST-1 assay of stable BaF3 transfected cells expressing ERBB2 alone or co-expressing WT or Mut ERBB3. In the absence of growth factor (control), all three cell types fail to proliferate, while in the presence of IL-3, cells expressing Mut ERBB3 display a slight growth increase over cells expressing WT ERBB3. (B) Analogous experiment to (A) using TF-1 cells. In the absence of growth factor, or in the presence of GM-CSF or EPO, proliferation was not significantly different. The addition of NRG-1β, either with or without GM-CSF, led to a small but consistent proliferation advantage in ERBB2+Mut ERBB3 cells compared to ERBB2+WT ERBB3 cells. This effect was significantly pronounced in the presence of EPO and NRG-1β. (C). Expression of CD235 is upregulated in the presence of EPO (center) compared to GM-CSF (left) CD235 expression in all cell types. The addition of NRG-1β (right) results in a reduction of CD235 expression in ERBB2+Mut ERBB3 TF-1 cells. (D) When ERBB2 is co-expressed in the absence of NRG-1β, low levels of pERBB3 are detected, however no downstream activation is observed. In the presence of ERBB2 and NRG-1β, significant expression of pERBB2, pERBB3 and pAKT is observed, with an increase in cells expressing Mut ERBB3 compared to WT. GM-CSF, granulocyte macrophage colony stimulating factor; EPO, erythropoietin; IL-3, interleukin-3; NRG-1β, neuregulin-1beta, \* p≤0.01, \*\* p≤0.001](nihms793140f2){#F2}
